Pendred syndrome is an autosomal recessive disorder characterized by the association between sensorineural hearing loss and thyroid swelling or goitre and is likely to be the most common form of syndromic deafness. Within the thyroid gland of affected individuals, iodide is incompletely organified with variable effects upon thyroid hormone biosynthesis, whilst the molecular basis of the hearing loss is unknown. The PDS gene has been identified by positional cloning of chromosome 7q31, within the Pendred syndrome critical linkage interval and encodes for a putative ion transporter called pendrin. We have investigated a cohort of 56 kindreds, all with features suggestive of a diagnosis of Pendred syndrome. Molecular analysis of the PDS gene identified 47 of the 60 (78%) mutant alleles in 31 families (includes three homozygous consanguineous kindreds and one extended family segregating three mutant alleles). Moreover, four recurrent mutations accounted for 35 (74%) of PDS disease chromosomes detected and haplotype analysis would favour common founders rather than mutational hotspots within the PDS gene. Whilst these findings demonstrate molecular heterogeneity for PDS mutations associated with Pendred syndrome, this study would support the use of molecular analysis of the PDS gene in the assessment of families with congenital hearing loss.
INTRODUCTION
Congenital hearing loss is common, with a fairly consistent prevalence estimate of one per thousand births in the developed world (1, 2) . Although aetiologically heterogeneous, it is thought that genetic factors contribute to at least 50% of such cases (3, 4) . Several reports over the last few years have contributed to a rapidly expanding understanding of the range and diversity of genes important in establishing and maintaining normal cochlear function (5) . These reports, based on the identification of mutant genes in familial hearing loss, are also increasingly important in governing the approach to the investigation of the deaf child and to the provision of counselling to families (6) . Many of these developments have arisen from a combined clinical and molecular approach focusing specifically on families in which the hearing loss is associated with other clinical features, representing a syndrome. Although many of the syndromes associated with hearing loss are individually rare, Pendred syndrome is probably the exception in that epidemiological data suggest that it may account for as much as 10% of hereditary hearing loss (7) .
Pendred syndrome is inherited as an autosomal recessive condition. Classically, the disorder is characterized by congenital sensorineural hearing loss and goitre (7) . However, exceptions to this presentation are not uncommon (8) . While most patients will show alteration in the handling of iodide by the thyroid gland on formal testing by perchlorate challenge, the non-specificity of this investigation can lead to misdiagnosis (9) . Equally, it has been established, in the study of familial cases, that perchlorate discharge testing is not 100% sensitive in Pendred syndrome and that genuine cases may be missed on this investigation (8, 10) . While subtle alterations in the radiological conformation of the cochlea are certainly useful diagnostic aids to recognizing the disorder in specialist centres (11) , the non-specificity of these findings means that there is no single diagnostic investigation which can secure the diagnosis of Pendred syndrome. For this reason the availability of a DNA based diagnostic approach might bear a striking impact on clinical practice in the investigation of *To whom correspondence should be addressed. Tel: +44 116 258 6042; Fax: +44 116 258 6057; Email: rtrembat@hgmp.mrc.ac.uk Figure 1 . The Pendred syndrome region. The position of seven genetic markers (F) and eight genes (the arrow depicts the orientation of the gene, if known, from 5′ to 3′) within the Pendred syndrome region is shown. PRKAR2B (21), the human orthologue of HBP1 (18, 19, 20) , GPR22 (22) , DRA (15, 23) , LAMB1 (24) and DLD (25) represent previously described genes. The precise position of the PDS gene at 7q22.3-q31.1 with respect to the genetic markers used in our study, is shown. NG1 is a novel and previously uncharacterized gene that encompasses >300 kb. The dashed lines under each BAC clone name represent the genomic segments for which contiguous stretches of DNA sequence has been determined.
hearing-impaired children with particular reference to this, the most common syndromic form of hearing loss.
The locus for Pendred syndrome was mapped to chromosome 7q in 1996 (12, 13) and mutations in a putative sulfate transporter gene, PDS, have recently been identified (14) . This gene, organized in 21 exons, encodes a predicted 780 amino acid protein, hereafter referred to as pendrin, which bears striking homology to two other human proteins, DRA and DTD, which are mutant in the autosomal recessive conditions of hereditary chloride diarrhoea and diastrophic dysplasia, respectively (15, 16) . Neither of these disorders is associated with hearing loss or with goitre and it has been speculated that the common aetiological factor between these disorders and Pendred syndrome is a likely dysfunction in ion transport (14) .
To date, three distinct homozygous mutations have been identified in five consanguineous Pendred syndrome families. Two of these mutations result in frameshift with premature truncation and the third, a missense mutation, causes substitution of a highly conserved Phe by Cys. Since this gene has diagnostic potential for identifying Pendred syndrome, we report our experience in mutation analysis in patients with a confirmed or suspected diagnosis of this condition.
RESULTS
The PDS gene resides within a relatively gene-dense region at the boundary of the 7q22.3-q31.1 and within 40 kb of the DRA gene with which it shares >70% homology for the predicted protein (14, 15, 17) . Using various gene identification techniques, it has been possible to position at least seven additional transcripts (including the known genes PRKAR2B, GPR22, DRA, LAMB1 and DLD, and two new genes tentatively named HBP1 and NG1) within the critical region (Fig. 1) . The HBP1 gene contains an HMG-Box DNA binding domain motif and has been shown to rescue K + transport-deficient yeast mutants (18) as well as serve as a transcriptional repressor of N-MYC (19, 20) . NG1 is a novel gene that spans ∼300 kb of genomic sequence. Although the two latter genes were shown to be expressed in thyroid and/or cochlear RNA (data not shown), our analysis failed to detect any structural abnormalities in them, so detailed analysis of the PDS gene was performed.
Single strand conformation polymorphism (SSCP) analysis included the 2342 bp coding region from exons 1 to 21 of the PDS gene and, with the exception of exon 19, encompassed the flanking intronic sequences (see primers and conditions in Table  1 ). One affected member of the 20 familial cases and 36 patients in whom either no additional family member was affected or details of the extended family history was unavailable, was analysed. Abnormal SSCP bands were detected in 17 families and 14 of the apparent sporadic cases with a putative Pendred phenotype. The nature of the band migration differences was determined by direct DNA sequence analysis. In addition, direct sequencing of all 21 exons of the PDS gene was performed on probands from five families, each fulfilling recognized clinical criteria for the diagnosis of Pendred syndrome, but in whom SSCP analysis had failed to identify all disease alleles. In combination, these studies revealed 10 mutations from eight families linked to the PDS locus (five consanguineous and three extended kinships), 16 mutations in 12 families consistent with PDS linkage and 21 mutations in 36 isolated patients with a possible diagnosis of Pendred syndrome. A total of 16 point mutations were identified, of which 10 were single base changes in addition to four small deletions and two insertions. These alterations predict a total of nine independent missense mutations, one donor splice site and six frameshift mutations distributed across 12 of the 21 PDS exons ( Table 2 ). Segregation of mutations was confirmed in familial cases either by restriction digest analysis of novel cut sites or gel electrophoresis (Table 2) . No sequence variant was detected in at least 50 non-Pendred disease chromosomes. The primers used to amplify each exon and flanking splice sites are given here, only the exon 19 reverse primer does not encompass the donor splice site due to the presence of an Alu repeat in the intron. Some of the primers used for exons 1-8 (*) were those previously described by Everett et al. (14) , although the published exon 7 antisense primer and exon 8 sense had been reversed. Primers for exons 9-21 were designed using partial genomic sequence from the BAC RG364P16 available on the Washington University Genome Sequencing Centre Web site (http://genome.wustl.edu/gsc ). In some cases it was necessary to digest the products hence the restriction enzymes and resulting fragment sizes are given. All products were amplified in buffer containing 1.5 mM magnesium unless otherwise stated and at the indicated annealing temperature.
Several of the mutations were observed in unrelated patients with Pendred syndrome. A 1001+1G→A change predicted to lead to a donor splice site alteration in the consensus sequence of exon 8, was observed on 10 disease alleles. Two of these were in family demonstrated to share identical disease haplotypes during the linkage study (Fig. 2) . In a further family (PDS 21; Table 2C ), this mutation was present as a compound heterozygote with a further recurrent missense mutation E384G, a substitution at an evolutionary conserved amino acid. The identical sequence change 1151A→G was observed in two independently ascertained families and four isolated patients with Pendred syndrome. Two further missense mutations were identified in more than one proband with Pendred syndrome, a T-C transition at position 707 of exon 6 observed in 10, and an A-C substitution at 1246 of exon 10, which was detected as a heterozygous mutation, compound with the E384G missense mutation in two of the seven probands with this mutation. Families were categorized as described in Materials and Methods. Shown in bold are all the families in which both mutations were identified. PDS 27 contains affected first cousins who inherit a common mutation (753-756 del CTCT), and additional mutations denoted a and b. Nucleotide numbers refer to the cDNA where the A of the ATG initiator codon is denoted nucleotide +1, and are in accordance with recent nomenclature recommendations (28) . Consanguineous families are denoted by the symbol ∼. All subjects are of North European origin with the exception of pedigrees 8 (Israel) and 30 (Pakistan). All mutations were confirmed by restriction enzyme digestion. *Loss of a site mutation; all others are gains, or segregation by polyacrylamide gel electrophoresis (GE). All missense mutations result in substitutions of evolutionarily conserved amino acids. A 4 bp deletion at position 753 in exon 6 and an insertion at 1334 of exon 12 predict frameshifts and the creation of premature stop codons at 286 and 467, respectively, of the 780 amino acid pendrin polypeptide. These truncated proteins would be deleted for the putative extracellular C-terminus and a variable number of the transmembrane spanning domains of pendrin and are likely to be null alleles. One patient (PDS 27; Table 2), the offspring of unrelated and unaffected parents with Pendred syndrome, was found to be a compound heterozygote for these two frameshift mutations. This 26-year-old man presented with profound congenital hearing loss, had a 49% discharge of radiolabelled iodide following perchlorate challenge, is euthyroid and has a large goitre. Of some interest, his cousin is also affected, sharing the common maternally inherited mutation but with a further novel missense mutation L236P, inherited or 'married in' via the unrelated father.
Detection of mutations in thyroid cDNA
The expression profile of pendrin appears restricted: we have identified transcripts from thyroid, brain and kidney (data not shown) but have failed to detect a product from cDNA generated from immortalized lymphoblastoid cells. Hence, confirmation of the effect of the genomic sequence alterations identified in Pendred syndrome patients has been confined to three subjects who underwent partial thyroidectomy for the clinical management of their goitre. Direct sequencing of amplified PDS cDNA covering exons 5-21 revealed missense mutations, 707T→C in exon 6, 1151A→G in exon 10 and in the proband from PDS, this mutation and a further variant, 1246A→C (Fig. 3) . Each mutation was confirmed through analysis of genomic DNA from probands and relatives. In no patient with the recurrent donor splice mutation at exon 8 or any of the frameshift mutations was thyroid tissue available for analysis.
Recurrent mutations and haplotype analysis
Examination of the genomic sequence within and around the four recurrent mutations, (three missense, 1151A→G, 707T→C and 1246 A→C) and a splice site mutation at exon 8 (1001+1G→A) shows no obvious features likely to account for their elevated incidence in the cohort of Pendred patients studied. To discriminate between founder effects and de novo recurrence, diseaseassociated haplotypes across the Pendred gene region at chromosome 7q31 were determined by typing five microsatellites (Fig. 2) . Each of the recurrent mutations occurred on distinct but common haplotypes supporting the notion for common founders occurring in independently ascertained families. Of interest, the donor splice site mutation 1001 +1 G→A observed in 10 families, in five of which descendants could be traced to the north-east of Figure 3 . RT-PCR. Sequence analysis of RT-PCR generated thyroid cDNA from a normal (N) and two Pendred syndrome patients. Products were amplified using primers 3F and 3R (Fig. 4) then sequenced using each primer. Shown here are long (top) and short (bottom) gel runs of reactions sequenced with primer 3f, which cover the 5′ and 3′ ends of exon 10. In sample 2, both mutations occur in exon 10, 1151A→G is inherited from the deceased mother and was not detected by SSCP. The other mutation is 1246A→C and is also observed in sample 1.
England, the region from which the family described in 1896 by Pendred resided (10) . Limited genealogical studies have not identified known relations between the families reported here and those investigated at the turn of the century. Analysis of parental DNA failed to reveal any de novo mutations in this study cohort, either within the familial or isolated cases of Pendred syndrome.
DISCUSSION
Our observations and the identification of 16 novel mutations within the PDS gene confirms the initial report of Everett et al. (14) and establishes this gene as the cause of the majority of, if not all, cases of Pendred syndrome. However, detailed analysis including direct sequencing of the entire coding sequence of the PDS gene failed to identify the causative mutation in two consanguineous kinships linked to chromosome 7q31. Future studies in these families should include analysis of the regulatory and intronic sequence of the PDS gene, but the existence of a second disease gene for Pendred syndrome within this interval has not been excluded.
Despite the number of PDS mutations identified, their distribution appears restricted to only 12 of the 21 exons of the large PDS gene (Fig. 4) and the recurrence of a number in several families. The majority of disease alleles, 9/16 (62%), were missense mutations localized to the region of pendrin's putative transmembrane spanning domains and hence may impact on the stability of the protein within cell membranes.
The diagnosis of Pendred syndrome has traditionally relied upon the combination of clinical features and the use of perchlorate discharge tests, a situation that has led to underdiagnosis of the disorder (10) . In this study, we have applied diagnostic criteria that have included linkage analysis for the PDS linkage interval at 7q31. Using this approach, SSCP analysis of the entire coding sequence of the PDS gene detected 26/36 (72%) Pendred disease alleles from a cohort of familial cases either known to be linked (group A) or in whom haplotype analysis supported linkage to chromosome 7q31 (group B). Investigation of singletons (group C) with a putative diagnosis of Pendred syndrome was of interest, as mutant alleles were identified in (Table 2) . Also shown as filled-in symbols are the previously identified mutations (14) .
several patients who hitherto would not have been considered to fulfil widely used clinical criteria for the diagnosis of Pendred syndrome. As only a single disease allele was detected in six families, future studies should focus on analysis of regulatory and non-coding sequences of the PDS gene. Of further clinical significance, four of the mutations observed in the study, three missense and a donor splice site mutation, were identified in more than one independently ascertained kindred, and DNA diagnostic assays for a combination of these sequence variants would detect 58% of the Pendred disease alleles in subjects with a confirmed clinical diagnosis of Pendred syndrome.
This study cohort does not allow us to estimate the prevalence of PDS mutations in the population and, given the detection of recurrent founder mutations, the frequency is likely to show geographical variation. However, this study serves to emphasize that PDS mutations may not be uncommon, with the detection of kindreds in which multiple disease alleles are segregating.
The precise function of pendrin remains unclear and in particular whether it serves as an ionic transporter both in the thyroid gland and the inner ear. In support of a direct role in regulation of transmembrane transport of ions, we have recently demonstrated gross dilatation of the endolymphatic sac in the majority of patients with Pendred syndrome (11) . Hence, by analogy with the defect consequent on mutation of DRA (15), the developmental bony defects frequently observed in this condition may be secondary to a form of endolymphatic secretary diarrhoea.
In conclusion, we have demonstrated that the PDS gene accounts for the majority of Pendred syndrome disease alleles and that a high proportion of familial cases can be accounted for by a limited number of recurrent mutations likely to reflect the dispersal of a limited number of founder mutations. These findings have important implications for the clinical utility of molecular genetic analysis as an aid in diagnosing a disorder that has hitherto been under-diagnosed (10), leading to possible inaccurate counselling for a condition that has a high risk of recurrence.
MATERIALS AND METHODS

Patient selection and diagnosis of Pendred syndrome
The clinical diagnosis of Pendred syndrome was based on characteristic clinical features as previously described (12) . Briefly, audiological investigations confirmed severe sensorineural hearing loss and physical examination revealed a palpable goitre. This diagnosis was supported by demonstration of a perchlorate-induced discharge of >10% of radioiodine from the thyroid gland of all probands (8) . Linkage analysis for the PDS region at chromosome 7q31 was used to group subjects. Group A consisted of eight families definitely linked to the PDS region, and group B contained 12 kindreds in whom haplotype segregation was compatible with involvement of the PDS locus. Group C consisted of 12 isolated subjects with features suggestive of a diagnosis of Pendred syndrome, specifically (i) sensorineural hearing loss and abnormal inner ear radiology or (ii) sensorineural hearing loss with goitre, but normal perchlorate discharge.
Genomic DNA analysis
DNA was extracted from EDTA whole blood by standard methods. DNA sequence variation from wild-type was identified by a combination of SSCP and direct sequencing. For SSCP PCR products were amplified from 40 ng of genomic DNA using 12.5 ng [γ-33 P]-radiolabelled primers (26) in a 10 µl reaction with 0.5 U Taq polymerase (Applied Biosystems) and 200 µM each of dATP, dCTP, dGTP and dTTP. This was buffered by 100 mM Tris-HCl, 100 mM KCl, 1.25-1.75 mM MgCl 2 , and 0.2% gelatin. Reactions were carried out on an MJ Research Peltier thermal cycler for 28 cycles of 94_C for 40 s, optimal annealing temperature for 30 s (Table 1 ) and 72_C for 1 min. Three microlitres of each reaction was combined with 8 µl 95% formamide loading dye denatured for 5 min at 98_C then run on a 4.5% non-denaturing polyacrylamide gel, containing 10% glycerol, at a constant 6-12 W at room temperature, overnight.
All band shifts were characterized by radioactive cycle sequencing using the Amersham Life Science Thermosequenase Kit of Qiagen (QIAquick PCR purification kit) purified exonspecific PCR products, with all ambiguous variants being sequenced in both directions.
Microsatellite markers from the 1.4 Mb region containing the PDS gene at chromosome 7q31 were typed as previously described (27) .
RNA extraction and analysis of reverse transcription products
Total RNA was isolated from human thyroid tissue using RNAzolB (Tel Test). RT products were prepared from 200 ng of total RNA using MMLV reverse transcriptase (Gibco BRL) according to the manufacturer's protocol. One microlitre of the RT product was then amplified by the same PCR conditions as described above using exon-specific primers (Fig. 4) .
Exons 1-4 1F (CCTGATAGGATCGGTTGGGA) and 1R (TTCCATTGCTGCTGGATACG), exons 4-9 2F (TGGGATCT-GTTGTTCTGAGC) and 2R (GGAAAATGATGCAGCCAGC), exons 9-15 3F (TCCACCTGTGAGCTTGTTCT) and 3R (TTG-CCATAGAAAATAGGACTGG), exons 15-21 4F (GAAG-CATCCCTAGCACAGATA) and 4R (TTTGTCTTGTATTCCT-TGCTA) These primers anneal at 51, 55, 55 and 53_C, respectively
